Olive flounder, Paralichthys olivaceus, is an important fish species in Asia, both for fisheries and aquaculture. As the first step for better understanding the genomic structure and functional analysis, we constructed a genetic linkage map for olive flounder based on 180 microsatellites and 31 expressed sequence tag (EST)-derived markers. Twenty-four linkage groups were identified, consistent with the 24 chromosomes of this species. The total map distance was 1,001.3 cM based on Kosambi sex-average mapping, and the average inter-locus distance was 4.7 cM. Linkage between the loci was identified by an LOD score of ≥3. This linkage map may be used to map quantitative trait loci associated with important traits of the species and may assist in breeding programs.
Introduction
Olive flounder, Paralichthys olivaceus, is an important fish species in Asia for both fisheries and aquaculture. In an effort to improve the productivity of olive flounder through genetic selection, a preliminary marker-assisted-selection (MAS) using markers involving a major disease gene of the species has been carried out [1, 2] . Since 2004, selective breeding with means of phenotypic selection and family effects for a fast growth rate of the flounder has been implemented at the National Fisheries Research and Development Institute (NFRDI, Busan, Korea). The MAS approach is expected to increase genetic response by improving the intensity and accuracy of selection [3] . Together with phenotypic selection, an important step in such genetic improvement schemes is to accelerate the genetic gains using markers closely linked with the target traits. Genetic maps provide the important information for genomic structure and allow exploration of QTL, which can be used to maximize the selection effects for target traits [4] . A previous olive flounder linkage map [5] identified 30 linkage groups spanning an sex averaged total map length of 705 cM based on 111 microsatellites and 346 amplified fragment length polymorphism (AFLP) markers in a panel of 44 offspring. Unfortunately, AFLP markers have limitations in reuse for other families or populations because of difficulty in determining the mode of inheritance owing to dominance/recessiveness and limited portability [6] . Here we report a microsatellite-based and more saturated genetic linkage map of olive flounder based on 211 microsatellites containing 31 expressed sequence tag (EST)-derived markers, which can be used to overcome the disadvantages of AFLP markers for locus specific genotyping. Since EST-based markers from gene sequences have a high probability of being associated with gene functions, the segregation of alleles of such markers can be tested for their link to predicted phenotypes [7] . Those markers derived from expressed genes provide clear information for synteny discovery between fish genomes [8] . Our improved linkage map may serve as a framework for QTL and gene mapping in olive flounder, and it should facilitate MAS breeding for the genetic improvement of the species.
Materials and Methods

Mapping family
We created an F1 mapping population by crossing one wild-stock female and one male olive flounder. A total of 100 unsexed progeny were used to create the linkage map.
Microsatellite markers
The microsatellite markers used in this study were taken from the following sources: 111 markers suffixed TUF [5] , 27 (#1-27) markers prefixed Kop [9] , 16 markers prefixed Po [10] , and 5 markers prefixed Po1 [11] . An additional 33 markers (MHFS suffix) were previously posted as P. olivaceus microsatellites on the GenBank/EMBL/DDBJ database. The polymorphisms and mapping feasibility of these markers were evaluated by genotyping of parental DNA; only those markers that were suitable for PCR, easy to score, and informative were used in this study. In addition to the 192 previously reported markers, 28 new markers were developed from genomic libraries [9] . These markers are listed as part of the Kop series (after #27; Table 1 ). Null alleles were identified with non-mendelian inheritance observed in offspring. The offspring carry different homozygous genotypes from the parents at certain loci.
Type I markers
In this study, simple sequence repeat markers (SSRs) were defined as arrays of dinucleotide repeat motifs longer than 18 bp. A total of 3,500 EST sequences retrieved from the GenBank/EMBL/DDBJ databases were screened for mono-, di-, tri-and tetra-nucleotide microsatellites using Tendem repeat finder [12] . EST-SSR primer pairs were developed and 76 EST-SSRs were amplified. However, only 31 markers were found to be informative in this mapping family. The names, repeat motifs, primer sequences, and putative functions of the 31 informative EST-SSR primer pairs are listed in Table 2 . 
Genotyping
DNA was extracted from fin samples using TNES-urea buffer (6 M urea, 10 mM Tris-HCl [pH 7.5], 125 mM NaCl, 10 mM EDTA, and 1% SDS) and proteinase K treatment followed by standard phenol extraction methods [13] . PCR was performed in a 10-μl reaction volume containing 50 ng of genomic DNA, 10 mM Tris-HCl (pH 8.8), 0.1% Triton X-100, 5 mM KCl, 1.5 mM MgCl 2 , 0.2 mM each dNTP, 5 pmol of each primer, and 0.5 U of Taq DNA polymerase (Promega, Madison, WI). Amplification was carried out using a PTC 200 MJ-Research thermocycler DNA engine under the following conditions: initial denaturation at 95°C for 15 min followed by 35 cycles of 20 s at 94°C, 40 s at a primer-specific annealing temperature between 58 and 62°C, 1 min at 72°C, and a final extension period of 10 min at 72°C.
For fluorescent detection of the PCR products, the forward primer in each pair was labeled with 6-FAM, NED, or HEX dye. The polymorphic microsatellite loci were revealed using an ABI PRISM 3100 automated DNA sequencer (Applied Biosystems, Foster City, CA, USA) and alleles were designated according to product size (GENESCAN 400HD ROX, PE Applied Biosystems). The genotypes were scored using GENESCAN and GENOTYPER (both version 3.7) software.
Linkage analysis
Linkage analysis and the building of the map were achieved using Crimap version 3.0 [14] . Linkage groups were identified by pair-wise two point analysis. Those markers with LOD scores of ≥3 were assigned to the same linkage group. The order of markers in each linkage group was confirmed based on the likelihood scores using the flips 6 option in the Crimap package. The linkage maps are theoretically sex averaged maps because the unsexed progeny should be assumed to be 1:1 sex ratio. The maps were visualized using MapChart version 2.2 [15] .
Results and Discussion
Genetic markers
Where possible, we established correspondence with the previous map [5] with the intention of providing a stable nomenclature for the linkage groups. The markers on LG 23, 24, and 28 in the previous map coalesced with LG 11, 20 , and 3, respectively, in the new map. The relationships between the markers in the two maps are outlined in Table 3 . Eighty-four of 110 previously-mapped microsatellite markers with the suffix TUF were also found in our linkage map. The linkages and order of markers in the new map are largely concordant with those in the previous linkage map of Japanese flounder [5] . Twenty-six markers were not mapped in our analysis because of null or unlinked markers and homozygous genotypes. The segregation of null alleles was identified at three loci (Poli100TUF, Poli127TUF, and Poli102TUF). Thirteen markers (Poli9-22TUF, Poli115TUF, Poli9TUF, Poli112TUF, Poli15-35TUF, Poli11TUF, Poli9-6TUF, Poli9-48TUF, Poli49TUF, Poli101TUF, Poli1TUF, Poli108TUF, and Poli113TUF) were unlinked to any of the other markers and ten markers (PoliRC12TUF, Poli140TUF, Poli53TUF, Poli142TUF, PoliRC35TUF, Poli158TUF, Poli131TUF, Poli132TUF, Poli179TUF, and Poli123TUF) were not informative in this mapping family.
The cross-species amplification of microsatellite markers between closely related species is an important issue for map construction because the interspecies use of markers can save a lot of resources and also indicate the relationships in genome structure and functions. Between Atlantic halibut and Japanese flounder genomes, around 63.9% of markers were amplified in both species and about half of the markers were polymorphic [16] . Using these markers, a comparative mapping between Atlantic halibut and Japanese flounder can be done in future. Especially it is interesting to see the genomic positions of the EST-derived markers.
Linkage map and genome size
Of the 220 microsatellite and 76 EST-derived markers tested, 180 (81.8%) informative microsatellite loci and 31 (40.8%) EST-based markers were assigned to the map. The sex-averaged map contained 211 markers in 24 linkage groups (Fig. 1) . Ultimately, a total of the 211 markers were employed to successfully consolidate the current map into 24 linkage groups corresponding to the number of chromosome pairs in olive flounder [17] . The map covers 1,001.3 cM, with an average inter-marker distance of 4.7 cM. Marker density varies by linkage group, from 0.95 cM/marker on LG 13 to 20.0 cM/marker on LG 22. For a rough QTL analysis, the required minimum inter-marker distance is generally <20cM [18] . The map with an average marker distance of 4.7cM offers sufficient marker density for further genetic approach for the quantitative traits. The previously estimated genome size of the species was around 1,000 cM [5] , which is similar with this map. The map with AFLP or EST derived markers deliver very close genome sizes, which indicates that the overall recombination rate of the markers is similar regardless the functions of markers and the variation in marker distribution throughout the genome. This seems indicating that marker density is more important than kinds of markers used for accurate estimate of genome sizes.
The estimated genome sizes of fish species were from 700cM, Barramundi [19] and tiger pufferfish [20] to 1,500cM of atlantic halibut [16] and to 2,750cM of rainbow trout [21] . The olive founder genome size is in the moderate size range and can function as a bridge for fish genome evolution studies, which can be further understood with help from the genome sizes because the genome duplication in an ancestral lineage undoubtedly contribute to the genome size and structure of the species in that lineage [22] .
Based on genome similarity, identified QTL and target EST sequences can be also applied between species and the structure and functions can be further clarified through positional cloning and comparative genomic analysis [23] . The olive flounder linkage map presented here provides the basis for further investigations into quantitative and comparative genomics of Pleuronectiformes.
